We suggest that under an increase of a magnetic field a spin-ladder with ferromagnetic legs does not pass without fail through an incommensurate phase but possibly in a straight way turns into a fully polarized ferromagnetic phase. The spin gap remains finite at the transition point. This scenario is demonstrated for the special spin-ladder model with exact singlet-rung ground state. We suppose that this kind of behavior realizes for the spin-ladder material (5IAP) 2 CuBr 4 · 2H 2 O
Introduction
Low-temperature magnetic phase transitions in spin-ladders were intensively studied in the last decade both theoretically [1] - [5] and experimentally [5] - [7] . In all these papers the theoretical scenario was identical. At zero magnetic field the ladder has a non-magnetic gapped ground state. An increase of magnetic field causes a decrease of the gap. At the critical value of the magnetic field h c the gap closes and the system turns into a gapless incommensurate magnetic phase. The further increase of the magnetic field from h c up to the saturation field h s attends by a continuous change of the gapless ground state and an increase of magnetization up to the maximum saturated value corresponding to the full polarization. Any further increase of the magnetic field does not change the vacuum resulting only to appearance and increase of a gap.
This picture is based on the following theoretical arguments. In the zero-field ground state all spins of the ladder are bounded into rung-singlets. The low-lying excitations originate from sparse rung-triplets in the rung-singlet sea. Induced by magnetic field Zeeman splitting causes the decrease of the gap with the rate proportional to the total spin of the state. The gaps corresponding to high-spin sectors decrease more rapidly, however the low-spin sectors have more narrow gaps. By the latter reason it was always assumed in [1] - [7] that the one-magnon gap closes faster than the multi-magnon ones. Under this assumption the critical value of magnetic field may be expressed from the one-magnon spin gap according to the formula,
However as it will be shown below these arguments fail for the spin-ladders with ferromagnetic legs. Really let us first consider a spin-ladder with zero coupling along the legs or equivalently a set of isolated dimers. For this system h c = h s . An addition of a ferromagnetic coupling along the legs decreases the energy of the fully polarized state and prompts it to reach the zero-energy level faster. The system will turn into the fully polarized phase escaping a commensurate-incommensurate transition. It will still remain gapped at the transition point.
2 Spin-ladder with exact singlet-rung ground state as an example
The model of spin-ladder with exact singlet-rung ground state was first suggested in [8] and studied in more detail in [9] . Hamiltonian of this model contains the terms corresponding to interactions along rungs, legs and diagonals as well as the special four-spin cyclic term. The interaction constants satisfy the set of restrictions which provides that the exact ground state of the model has the following singlet-rung form:
where |0 n is the singlet state corresponding to the n-th rung.
The fully polarized ferromagnetic state has the following triplet-rung form:
where |1 1 n is the triplet S z = 1 state corresponding to the n-th rung.
Omitting a standard and rather simple calculation (the details will be published in a special paper) we notice that the following condition,
guarantees that the system will turn directly from (2) to (3) escaping an incommensurate phase. Here J and J c are the rates of the interaction along legs and the cyclic interaction [9] . The left side of the formula (4) expresses the gap at the saturation field. From (4) follows that J < 0 irrespective to J c i.e. the interaction along the legs really is ferromagnetic.
3 The spin-ladder material (5IAP) 2 CuBr 4 · 2H 2 O It was argued that for spin-ladders with ferromagnetic legs the transition from the nonmagnetic singlet-rung phase to the magnetic fully polarized phase possibly occurs without passing a gapless incommensurate phase. This effect must be indicated by the following features of experimental behavior. First the rate of magnetic field corresponding to the phase transition must be less than the value (1) corresponding to the spin gap. Second the rate of the transition interval in the magnetization curve have to reduce at T → 0 indicating a jump of magnetization.
The latter effect must be appreciable only at temperatures about E gap (h s ) and below. We suppose that this type of magnetic transition takes place in the spin-ladder material
. Really the magnetization curve at T = 0.4 K has a pronounced step-like form and almost vertical slope compared to the curve at T = 4.35 K. This kind of behavior drastically differs from the one corresponding to another spin-ladder material
where the slope of the magnetic curve does not change significantly under a decrease of temperature.
Moreover the gap obtained in [7] from analysis of the temperature dependence of magnetic susceptibility is equal to 12.23 K, however the one obtained from analysis of the magnetization curve is 11.90 K. Probably these results indicate that at the transition point the system has a gap E gap (h s ) = 0.33 K.
It was supposed in [7] that for this ladder material the interaction along legs is antiferromagnetic but very weak compared to the interaction along rungs (J = 0.077J ⊥ ). We suppose that the leg interaction is ferromagnetic. This type of spin-ladders has a special theoretical interest [10] .
